Objective: Alarming increases in hypertension and type 2 diabetes among Africans accentuate the need to identify factors that could serve as targets for prevention or treatment. In Caucasian populations, asymmetric dimethylarginine (ADMA), the predominant endogenous nitric oxide synthase inhibitor, is associated with cardiovascular disease and insulin resistance (IR). ADMA's counterpart, symmetric dimethylarginine (SDMA), originally thought to be inert, was recently also linked with cardiovascular risk. Since little information regarding ADMA or SDMA is available for Africans, our aim was to explore the relationships of ADMA and SDMA with measures of arterial stiffness and IR in Africans and Caucasians from South Africa. Methods: The study consisted of 235 nonsmoking, nondiabetic, nonobese, human immunodeficiency virus-uninfected Africans (nZ64) and Caucasians (nZ171), aged 20-70 years. We measured blood pressure, pulse wave velocity, ADMA, SDMA, and IR (homeostasis model assessment, HOMA). Results: African and Caucasian men had similar ADMA and SDMA, whereas Caucasian women had higher ADMA and SDMA than African women (P!0.05). African men and Caucasian women indicated strong correlations of ADMA with arterial stiffness (rZ0.47, PZ0.021; rZ0.26, PZ0.008), confirmed in multivariate analyses. Caucasian participants showed negative associations between SDMA and HOMA, being strongest in the men (rZK0.41; PZ0.002). Conclusion: Our results indicate that ADMA is independently associated with vascular dysfunction in African men and Caucasian women. A strong, independent negative association of SDMA with IR was found only in Caucasian participants. The molecular explanation for this is unclear, but these findings motivate experimental studies that could shed more light on these relationships.
Introduction
Extensive epidemiological studies show that hypertension is one of the most common cardiovascular ailments in sub-Saharan Africa (1) (2) (3) (4) . Furthermore, the increasing incidence of diabetes (5) in Africa will aggravate the severity of renal and cardiac damage caused by any given blood pressure (BP) level (1) . Although a high prevalence of known modifiable risk factors for atherosclerotic disease and hypertensive heart disease is detected in black South African individuals (6) , these conventional risk factors do not account for all of their increased risk (7) . It is therefore imperative to identify additional markers that might explain their increased risk and may contribute to the early detection and prevention of vascular and metabolic abnormalities.
In Caucasian populations, elevated concentrations of asymmetric dimethylarginine (ADMA) have consistently been associated with cardiovascular disease (8) (9) (10) (11) (12) and insulin resistance (IR) (13) (14) (15) . ADMA, which is regarded as the predominant endogenous nitric oxide (NO) synthase inhibitor (9) , is found in all human tissues and biological fluids, and is generated by the post-translational methylation of arginine residues in proteins (8) . Owing to its inhibitory effect on NO synthase, ADMA has been implicated in the impairment of NO generation in a variety of cardiovascular diseases (16) . Melikian et al. (7) have indicated that ADMA levels were significantly higher in Africans compared to Europeans and they suggested that this may contribute to higher incidence of cardiovascular disease in black Africans. ADMA therefore seems to be a suitable candidate for the early detection of cardiovascular and metabolic disease in Africans.
Unlike ADMA, its counterpart, symmetric dimethylarginine (SDMA), does not inhibit NO synthase (17) . Thus, this structural isomer was thought to be inert (18) and it has not been evaluated in most studies focusing on cardiovascular disease (8) . However, recent publications suggest that SDMA has a similar predictive value for cardiovascular risk than ADMA (8) . We also reported recently that SDMA is a prospective marker of total mortality after ischemic stroke (19) . Several explanations for this observation including increased formation of reactive oxygen species, competition for L-arginine transport into endothelial cells, or valid reflection of renal function by SDMA have been proposed (18, 20, 21) .
In addition to SDMA's possible vascular role, Zsuga et al. (22) also suggest that the ADMA/SDMA ratio is a significant determinant of IR. Very little is known regarding the possible role of SDMA with regards to IR or with regards to its concentration or functions. To the best knowledge of the authors, no literature is available regarding SDMA in black populations. Nonetheless, the available evidence supports the hypothesis that SDMA may not be as inert as initially thought.
Current knowledge on these two dimethylarginines mainly focused on Caucasian populations, with only few studies investigating black populations in the USA and Europe who may (or may not) be genetically and environmentally different from black South Africans (1) . The aim of this study was therefore to explore and evaluate the associations of ADMA and SDMA with measures of arterial stiffness and IR in African and Caucasian people from South Africa.
Methods

Study design and subject selection
The SAfrEIC study (South African study regarding the influence of Sex, Age and Ethnicity on Insulin sensitivity and Cardiovascular function) was a cross-sectional study that originally involved 750 African and Caucasian men and women volunteers from urban areas of the North-West Province of South Africa (aged 20-70 years). This availability sample excluded participants that were apparently ill, pregnant, or lactating. For the purposes of the present study, a sub-sample of 64 African and 171 Caucasian participants were selected based on the following exclusion criteria: smokers (nZ218); nonfasting (nZ11); obese (i.e. body mass index (BMI) R30 kg/m 2 ) (nZ84); use of antihypertensive-, antidiabetic-, anti-inflammatory-, or lipid-lowering medication (nZ86); missing data (nZ1); previous diagnosis of any serious chronic illness, e.g. diabetes (nZ2); or human immunodeficiency viral (HIV) infection (nZ115) (except hypertension). The main reason for the discrepancy in the final sample sizes of the ethnic groups is that 33% of the African participants were HIV infected (nZ114). To provide 80% power at 5% significance and taking a difference of 0.10 mmol/l in ADMA as the main outcome variable as significant, a total number of 15 subjects were needed per group.
The Ethics Committee of the North-West University (Potchefstroom campus) approved this study and all participants gave written informed consent after the procedures were thoroughly explained to them. African field workers were available to convey the information to the African participants in their home language.
Organisational procedures
The participants were invited for a nonrecurring clinical examination to a Metabolic Unit facility on the campus of the North-West University, South Africa. They arrived at 0700 h, were introduced to the setup and, after the organisational procedures had been explained to them (with the assistance of the African field workers), they all signed informed consent forms. During the course of the morning, basic health and demographic questionnaires were completed. A fasting blood sample was collected by a registered nurse from the brachial vein branches using sterile winged infusion sets and syringes, and anthropometric measurements were taken in a private bedroom. Afterwards, cardiovascular measurements were made. On completion of the measurements, each participant received breakfast as well as a small financial compensation for travel expenses. In the event of a subject being identified with any abnormalities (such as hypertension or diabetes), the participant was referred to their local clinic, hospital, or physician. Each participant received a report containing their basic health information.
Biochemical analyses
The participants were required to fast overnight before the fasting blood glucose level was determined. Capillary blood glucose was directly measured in the Metabolic Unit by a nurse by means of an enzymatic method to screen for diabetes mellitus (LifeScan SureStep Blood Glucose Monitoring System, LifeScan Inc., Milputas, CA 9535, USA). Serum and plasma samples were also taken and stored at K80 8C until analysis. Serum blood glucose, the lipogram, creatinine, and g-glutamyltransferase were determined later in the laboratory with the Konelab auto-analyzer (Thermo Fisher Scientific Oy, Vantaa, Finland). Creatinine clearance was estimated using the Cockcroft-Gault method (23) . Insulin was determined by making use of the ST AIA-PACK IRI kit (Cat. No 025260) using two-site immunoenzymometric assay. IR was estimated by the homeostasis model assessment-IR (HOMA-IR) index, calculated as the product of fasting glucose and insulin divided by 22.5. HIV status was determined immediately after blood sampling with a rapid test according to the protocol of the National Department of Health of South Africa. Serum was used for testing with the First Response test (PMC Medical, Daman, India) and was repeated with Pareeshak test (BHAT Bio-tech, Bangalore, India) for confirmation.
Mass spectrometric determination of ADMA and SDMA was performed as described elsewhere by using a fully validated high throughput liquid chromatography-tandem mass spectrometry (MS)/MS assay, which is commercially available (DLD Diagnostika, Hamburg, Germany) (24, 25) .
Anthropometric measurements
Body height, weight, and waist and hip circumferences of each participant were taken according to standard procedures (26) . The circumferences were measured in triplicate with a flexible metallic measuring tape (Holtain unstretchable metal tape). Maximum height was measured to the nearest 0.1 cm using the Invicta Stadiometer (IP 1465, Leicester, UK). Weight was measured to the nearest 0.1 kg using a digital scale (Precision Health Scale, A & D Company, Tokyo, Japan).
Cardiovascular measurements
After a 10 min rest in the sitting position, BP (systolic and diastolic) and heart rate were measured using the OMRON HEM-757 apparatus, with the BP cuff on the left upper arm. Two measurements were taken, with a 5 min rest interval.
Pulse wave velocity (PWV) was measured using noninvasively accessible superficial pulses and the Complior SP device (Artech Medical, Pantin, France) in an elastic-muscular mixed arterial segment over the carotid dorsalis pedis segment. All measurements were taken by the same two observers for all participants. The PWV was measured on the left side of each participant, while the subject was in a supine position.
Statistical analyses
All statistical analyses were done using Statistica version 8 (StatSoft, Inc., Tulsa, OK, USA) software. Variables with a non-Gaussian distribution (namely waist circumference, BP, g-glutamyltransferase, triglycerides (TG), glucose, insulin, and HOMA) were logarithmically transformed, and the central tendency and spread represented by the geometric mean and the 5th and 95th percentile intervals. Independent samples t-tests were performed to compare the two ethnic groups. We performed partial correlations of ADMA or SDMA and variables associated with arterial function and IR while adjusting for confounders as indicated in Table 1 . Fisher's Z-transformation was performed to determine 95% confidence intervals Table 1 Partial correlations of asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA) with markers of vascular function and insulin resistance (95% confidence intervals of r ).
African men (nZ28)
Caucasian c Correlations with pulse wave velocity were additionally adjusted for mean arterial pressure.
of the partial correlations. Since alcohol intake is associated with higher ADMA levels (27), g-glutamyltransferase was included in analyses being a marker of alcohol intake (28) . We also found differences in g-glutamyltransferase between the ethnic groups ( Table 2 portrays the basic characteristics of the African and Caucasian men and women. The Caucasian men were significantly taller and heavier with higher waist circumferences. They also showed higher fasting glucose, but lower g-glutamyltransferase levels. We observed no differences in ADMA and SDMA concentrations between the African and Caucasian men, even though the African men had significantly higher diastolic BP. When comparing the African and Caucasian women, there were no differences in age, BMI, and waist circumference between the two groups. The African women had higher g-glutamyltransferase levels. It is striking that the Caucasian women had significantly higher ADMA and SDMA concentrations, even though the African women had higher systolic and diastolic BP.
Results
Characteristics of participants
Correlations with ADMA and SDMA
Before we explored the relationships of ADMA and SDMA with vascular function and IR, we initially performed single linear regression analyses of ADMA and SDMA with previously reported confounders in each of our four subgroups, namely age, BMI, waist circumference, estimated creatinine clearance, and g-glutamyltransferase. The following significant correlations (P!0.05) were found: ADMA and SDMA correlated with age only in the male groups (rZ0.38 and rZ0.48 respectively in the African men, and rZ0.43 for ADMA in the Caucasian men). g-glutamyltransferase also correlated only in the male groups with ADMA and SDMA (rZ0.48 and rZ0.36 respectively in the African men, and rZK0.29 for SDMA in the Caucasian men). Estimated creatinine clearance correlated significantly with ADMA only in the Caucasian men (rZK0.30).
To address our aim, we then explored the correlations of ADMA and SDMA with variables associated with vascular dysfunction and IR while adjusting for confounders (Table 1) . In African men, the most significant correlation was shown between PWV and ADMA (rZ0.47; PZ0.021), and it was not evident in the Caucasian men. A graphical comparison of this correlation is shown in Fig. 1 (without adjustments) . A significant correlation between PWV and ADMA was also shown by Caucasian women, but it was much weaker than the correlation in the African men (rZ0.26; PZ0.008) and the sample size was much larger.
Significant correlations of SDMA were indicated only in the Caucasian groups (Table 1) . Caucasian women showed a positive correlation between PWV and SDMA (rZ0.22; PZ0.032), similar to the correlation between PWV and ADMA. Caucasian men showed no significant correlations for ADMA, but with regards to SDMA, they indicated strong negative correlations with fasting insulin and HOMA (rZK0.41; PZ0.002 in both instances), which were not observed in any of the other groups. When viewing HOMA by quartiles of SDMA (Fig. 2) , the trend in Caucasian men of HOMA to decrease with an increase in SDMA was significant (PZ0.006). Although the HOMA trend line for Caucasian women also seem to decrease with increasing SDMA quartiles, it was not significant (PZ0.37).
Multiple regression analyses
With either ADMA or SDMA as dependent variable, we performed forward stepwise regression analyses in each ethnic and gender group. As outlined in Table 3 , PWV entered all models with regards to ADMA (except for African women), and also for SDMA in the two female groups. PWV explained 22% of the variance in ADMA in the African male group. HOMA (log) was included as significant contributor only in the Caucasian men and Figure 1 Unadjusted correlations between asymmetric dimethylarginine and pulse wave velocity.
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www.eje-online.org women, being highly significant in the Caucasian men. We also repeated these analyses (not shown in Table 3 ) and included ethnicity in the list of independent variables. With ADMA as dependent variable, we found R 2 Z0.165 in men, and the model only included age (bZ0.44; P!0.001) and TG (bZ0.21; PZ0.28). In women, R 2 Z0.13, and ethnicity was the strongest predictor (bZ0.31; P!0.001) and also PWV (bZ0.21; PZ0.009). When we repeated these analyses with SDMA as dependent variable, ethnicity was a significant predictor for both men and women. For men, R 2 Z0.20 (HOMA: bZK0.36, P!0.001; age: bZ0.29; PZ0.004; ethnicity: bZ0.21; PZ0.04) and for women, R 2 Z0.10 (ethnicity: bZ0.23, PZ0.007; PWV: bZ0.20; PZ0.02; HOMA: bZK0.15; PZ0.07).
Discussion
We explored the associations of the two dimethylarginines, ADMA and SDMA, with measures of vascular dysfunction and IR in nondiabetic, nonobese, and nonsmoking African and Caucasian people from South Africa. The first key finding was a strong significant correlation of ADMA with PWV, especially evident in the African men and to a lesser extent in the Caucasian women. In African men, there seems to be a potential role for ADMA in regulating arterial stiffness, whereas this is not necessarily true for Caucasians based on the weak associations in the multivariate analyses. In multivariate analyses, PWV also explained the variance in ADMA of other groups, indicating a potential role for ADMA in regulating arterial stiffness. Since ADMA is known for its inhibitory role on NO synthase (9) and has previously been associated with cardiovascular disease (8, 10, 12) , this finding is not surprising. However, not much has been published with regards to ADMA and arterial stiffness, and the results from Weber et al. (29) revealed a relatively weak correlation between ADMA and PWV (rZ0.19; PZ0.02) in a European population, which disappeared after correction for age and BP. In our study, ADMA also did not correlate with arterial stiffness in the Caucasian men, but the Caucasian women showed a weak significant positive correlation.
The strong relationship between ADMA and arterial stiffness observed in the African men could point to a different vascular mechanism in the development of cardiovascular disease previously seen in black African men (1, 7) . It is well known that compared to Caucasians, Africans disclose larger increases in aortic and peripheral PWV after smoking (30), they show no changes in the peripheral arterial response to exercise compared to Caucasians who show significant reductions (31) , and their peripheral muscular arteries show increased PWV with diabetes, with no change in Europeans (32) . The next step would therefore be to investigate whether ADMA might have an important role in this regard. Our results also indicate that the concentration of ADMA in African men is not necessarily of utmost importance, since it was not different from their Caucasian counterparts. This result is in contrast to those of Melikian et al. (7) who found significantly elevated ADMA levels in African men who were matched with Caucasian men for conventional risk factors for coronary heart disease. Although our study excluded many people with increased cardiovascular risk (e.g. obesity, smoking and diabetes), we were not able to exclude hypertensive individuals, since hypertension has a high prevalence in the black South African population (6) . Nevertheless, their ADMA levels were similar to the Caucasian men, even though they had significantly higher diastolic BP. It is not clear why our results are different from that of Melikian et al. (7) but it is possibly due to a different genetic and environmental background (1) .
The second key finding of this study was a significant negative association between SDMA and IR only in the Caucasian men and women, being more pronounced in the men. Although SDMA was long thought to be inert (8), recent research suggests the opposite (8, 18, 22) . We were particularly interested to determine whether this also holds true for the African population, but did not find any significant correlation of SDMA in single or multivariate analyses. This ethnic discrepancy was also confirmed in the multiple regression analyses when ethnicity was included as an independent variable, and proved to be a significant predictor of SDMA for both genders.
Interestingly, we also found a positive association of SDMA with arterial stiffness in the Caucasian women. In addition to ADMA, SDMA might also have a smaller role in contributing to arterial stiffness. A possible mechanism is demonstrated by Schepers et al. (18) who showed very recently that SDMA stimulates the production of reactive oxygen species of monocytes, and that this pro-inflammatory effect may trigger vascular pathology.
The negative relationship found between SDMA and IR in Caucasians confirms the results of Zsuga et al. (22) who studied Caucasian people from Hungary. They proposed several mechanisms for this phenomenon including increased cellular uptake of SDMA, enhanced elimination, or that the hepatic metabolic pathways of SDMA are somehow up-regulated in IR. Unfortunately, neither their cross-sectional design nor ours provide sufficient data to explain whether decreased SDMA might somehow be causal in the development of IR, but these strong relationships most certainly warrant further investigation. Importantly, it is unclear why this relationship was absent in the African subjects and whether a genetic predisposition might be accountable. Although hypertension and type 2 diabetes are common in Africans, our results could imply that it is due to other mechanisms than the pathophysiological mechanisms of SDMA, and that they might be protected from its detrimental effects as described previously in Caucasian populations (8, 19) .
It is also worth mentioning that contradictory findings exist with regards to the relationship between (33) . This might indicate a genetic discrepancy regarding ADMA function. It is also important to mention that this is not the first study to reveal differences in cardiometabolic risk factors between the South African Caucasian and African population groups. High prevalences of hypertension (2) have been described in Africans compared to Caucasians, with clearly different treatment approaches (35) . Africans have low levels of triacylglycerol, and high levels of high-density lipoprotein-cholesterol and fibrinogen (36) compared to Caucasians in South Africa, and several genetic differences with regards to type 2 diabetes and hypertension have also been described (2) . The results of the present study therefore contribute to elucidating the different mechanisms at play in the development of hypertension and IR in these two ethnic groups.
Study limitations
The present study suffers from some of the same limitations as many other studies. One limitation of our study is the relatively small sample size. The number of participants was, however, enough to confirm statistical power and it was similar to the previously published African data on ADMA (7), but additionally included data on women. Another limitation would be the cross-sectional design of this study, which could not infer causality. Regarding the use of HOMA, although it is an accepted and validated model for the characterization of IR (37) , it is still a proxy measurement. Furthermore, it is not clear whether the association between HOMA and SDMA is simply a reflection of the relationship between insulin and SDMA as was shown in Table 1 . It has been previously reported that hyperinsulinemia is able to induce the expression of yC transporters that serve as the primary route for cellular uptake of L-arginine, ADMA, and SDMA (22, 38) , and thus there are direct links between SDMA and insulin. With regards to the participants, there was a difference in socioeconomic status between the African and Caucasian individuals who volunteered to participate in the study. In an attempt to make the groups comparable with regards to traditional cardiovascular risk factors, we did, however, exclude 515 participants who were either HIV infected, obese, diabetic, smoking or used antihypertensive, lipid-lowering, or anti-inflammatory medication. Therefore, we are convinced that our sub-sample is suitable to provide the first results on SDMA in Africans, as well as some novel associations with arterial stiffness in this population group.
In conclusion, we found a strong positive relationship between ADMA and arterial stiffness in African men, even though their ADMA levels were not elevated. ADMA might therefore serve as a novel-therapeutic target to improve NO bioavailability. Additionally, we have found a strong negative relationship between SDMA and IR in Caucasians, which was completely absent in the African men and women. The ethnic discrepancy is difficult to explain but might indicate different mechanisms for the development of IR in Africans.
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